The horizontal and vertical velocity components of molten steel in a slab continuous casting mold produced by three different two-port Submerged Entry Nozzle (SEN) designs are monitored and compared using Computational Fluid Dynamics (CFD) simulations. These two ports designs correspond to a conventional cylindrical SEN, a plate SEN and an anchor-shaped SEN. Four monitoring points at the molten steel in the centered vertical plane were selected to track the horizontal and the vertical component of the velocity vector. Two of them are located near the free surface and the remaining two are located in the vicinity of the SEN discharge nozzles. Some statistical values of the time series of above the velocity components are analyzed and correlated with the Kelvin-Helmholtz instability and the Karman vortex streets, which cause mold powder entrapment in the molten steel.
Introduction
In the continuous casting of steel, molten steel is fed from a ladle into a mold through a Submerged Entry Nozzle (SEN). In contact with the water-cooled walls of the mold, molten steel forms a solidified shell. At the exit of the mold, the steel product ends its solidification by means of water sprays. A powder is fed at the top of the mold in order to provide lubrication to the mold walls, avoiding in this way adherence of the solidified shell at the mold walls, which in turn causes the unwanted sticking breakout phe-nomenon. At the same time, the powder protects molten steel from atmospheric oxidation and prevents premature solidification. Unfortunately, sometimes the powder becomes entrapped in the molten steel, and as a consequence, the solid steel product exhibits low quality in the form of poor mechanical properties.
It is widely accepted that the quality of the continuous-cast products is severely affected by the fluid flow in the mold and the SEN design, and that sudden transients are responsible of flow instabilities that cause surface turbulence [1] . In accordance to [2] , powder entrainment is influenced, among other factors, by rapid mold level fluctuations, surface waves, SEN design and shallow SEN immersion. A Computational Fluid Dynamics (CFD) study on mold powder entrapment caused by vortexing flow at the interface between mold powder and molten steel near the SEN is reported in [3] . Mold properties, mainly viscosity, prevent the entrapment phenomenon in ultra-low carbon steels [4] . More specifically, mold powder entrapment is enhanced by Kelvin-Helmholtz instability (KHI) [5] [6] and Karman vortex streets (KVS) [4] [6] . KHI is present in the powder-molten steel interface, and it is recognized that KHI represents an imbalance of the destabilizing effect of inertia of a light phase (powder) moving in the horizontal direction over the stabilizing effect of buoyancy of a heavy phase (molten steel) [7] . Meanwhile, in the mold KVS are generated behind the SEN in the downward vertical direction [6] , and they arise when the velocity goes beyond certain excitation value [8] .
In this work the horizontal and vertical velocity components of molten steelproduced by three different SEN designs are monitored and compared using CFD simulations.
These SEN have been previously characterized by the present authors in terms of free surface topography, velocity vector and turbulent intensity [9] . The considered twoport SEN designs are shown in Figure 1 . The first one (Figure 1 
Mathematical Model
Mathematically, the flow of an isothermal incompressible Newtonian fluid and the mass conservation are represented by the Navier-Stokes equations and the continuity equation [10] . These equations come from force balances and mass conservation, respectively. To maintain the mass balance in the system, the continuity equation must be solved too. Turbulence is simulated by means of the classical two equations K-ε model [11] . For the pressure-velocity coupling, the Pressure-Implicit with Splitting of Operators (PISO) algorithm is employed [12] . Besides, the Volume of Fluid (VOF) model is employed to issue the multiphase flow. VOF is based on the assumption that two or more phases are not interpenetrating [12] [13]. For each additional phaseq, its volume fraction α q is introduced as a variable. In each control volume the volume fractions of all phases sum to unity [12] . The tracking of the interface between the phases is accomplished by solving the continuity equation for each phase [12] [13]. Red phase is molten steel, blue phase is air.
Model Solution and Velocity Monitoring
liable and representative results and analysis of velocity monitoring, computer runs spanned from 100 s, which corresponds to fully developed flow, to 180 s, which corresponds to around 2.5 times the MRT of molten steel.
Results
As was explained before, the X and Z components of the vector velocity of molten steel are associated with the magnitude of the Kelvin-Helmholtz instability and the Karman vortex streets, respectively. In this Section the tracked results of these velocity components in the chosen monitoring points from 100 s to 180 s of elapsed time are presented and discussed. Figure 4 shows the time series of the X velocity component for the three SEN considered at the A and B monitoring points, which are located just 0.02 m below the molten steel free surface, as is seen in Figure 3 . The three SEN present positive values of X velocity component at A, whereas they exhibit negative values of the X velocity component at B. This is explained by the fact that the flow of molten steel is directed towards the SEN, driven by the recirculation loops in the upper part of the mold [14] [15], as is observed in Figure 5 for the anchor SEN. Table 1 shows some statistics (minimum, maximum and mean values) of the time series of Figure 4 . These values suggest that significant asymmetry in the molten steel flow is present on the left and right sides of the mold. The asymmetry of the molten steel flow in the left and the right parts of the mold has been reported at least two decades ago [14] . This asymmetry is quantitatively verified by observing the different statistic values of the X velocity component of Table   1 .
In accordance to Table 1 are presented in Table 3 . In accordance with this table, is the conventional cylindrical SEN who exhibits the lowest and the largest values of the absolute values of the minimum and maximum Z velocity component.
Conclusions
Three different designs of Submerged Entry Nozzles (SEN) were presented here. Their performances are numerically studied and compared in terms of the time series of the X and Z components of the vector velocity at four monitoring points. From the numerical results the following conclusions arise:
i) The plate and the anchor SEN present the lowest absolute average values of the X (horizontal) components of the vector velocity at the monitoring points located in the vicinity of the molten steel free surface.
ii) The plate and the anchor SEN present the lowest absolute average values of the Z (vertical) components of the vector velocity at the monitoring points located in the vicinity of the SEN discharge nozzles.
iii) The conventional cylindrical SEN exhibits the largest absolute values of the minimum and maximum X and Z components of the vector velocity at the four monitoring points. iv) Given that the X and Z components of the vector velocity are associated with the Kelvin-Helmholtz instability and the Karman vortex streets, respectively, it is the conventional cylindrical SEN who is more prone to present mold powder entrapment.
